Equine semen is routinely centrifuged prior to cryopreservation to concentrate sperm and 49 minimize the adverse effects of seminal plasma on post-thaw motility [1, 2] . Depending on the 50 semen extender used, centrifugation and partial removal of seminal plasma prior to cooling may 51 also be beneficial for sperm motility, and acrosome and DNA integrity, especially for stallions 52 whose sperm suffer a significant decrease in motility when processed in a conventional manner 53 by simple dilution of seminal plasma with semen extender [3] [4] [5] [6] . Ejaculates with low sperm 54 concentration require centrifugation to allow adequate dilution of semen for cooling [7] . 55
In conventional centrifugation protocols, equine semen is diluted 1:1 (v:v) or to a sperm 56 concentration of 50 x10 6 /mL in a milk-based semen extender for centrifugation. A 40-mL 57 volume of extended semen is typically loaded into 50-mL conical tubes, and centrifuged at 400 58 to 600 x g for 10 to 15 min [7] . After centrifugation, 30 mL of the supernatant is removed, 59
retaining 5 to 20 % of seminal plasma in the resuspended sample [7] . The final concentration of 60 seminal plasma depends on the amount of semen extender added to the pellet. Around 20 to 25 61 % of sperm are lost with the supernatant during conventional centrifugation protocols [7, 8] Live/Dead Kit, Molecular Probes, Eugene, OR, USA). First, 2 µL of a working solution of 143 SYBR14 were added to 400 µL of semen. Semen was incubated for 10 min at 37 °C in the dark. 144
Then, 2 µL of propidium iodide was added and semen was incubated for 10 min at 37 °C in the 145 dark. Semen was evaluated using an epifluorescence microscope at high power ( Immediately after collection, a standard semen evaluation was performed. Each ejaculate 154 was then divided into aliquots as described below for each experiment. After adding pre-warmed 155 semen extender, and immediately before centrifugation, sperm concentration, motility and 156 membrane integrity were evaluated. Then, the aliquots were centrifuged as described below for 157 8 each experiment. Centrifugation duration included the time for rotor acceleration. An immediate 158 breaking feature was not used. The deceleration curve was the same for all treatments. 159
After centrifugation, 37 mL (40-mL suspensions) or 17 mL (20-mL suspensions) of the 160 supernatant was removed by aspiration with a 2-mL plastic transfer pipette. Transfer pipettes are 161 readily available and routinely used in andrology laboratories for aspiration of the supernatant. 162
Given the duration and forces used for centrifugation here, a tight pellet was obtained. The 163 supernatant was also removed immediately after centrifugation with minimal time delay. 164 Therefore, sperm loss in the supernatant due to swim up of spermatozoa was unlikely to occur. Sperm motility and viability after centrifugation were normalized to the initial values, 224 and the normalized variables were called survival factors [13, 14] . Survival factor is more likely 225 11 to reveal differences between treatments since this variable eliminates the effect of individual 226 variation in initial semen quality on the outcome and assess only the changes in semen quality in 227 response to treatment [13, 14] . Survival factors were calculated as follows: Survival factor for 228 total motility (SFT) = % total motility post-centrifugation / % total motility pre-centrifugation x 229 100; Survival factor for progressive motility (SFP) = % progressive motility post-centrifugation / 230 % progressive motility pre-centrifugation x 100; Survival factor for viability (SFV) = % viability 231 post-centrifugation / % viability pre-centrifugation x 100. 232
A similar normalization to values post-centrifugation was done after cooling: Survival 233 factor for total motility at 24 h (SFT24) = % total motility at 24 h / % total motility post-234 centrifugation x 100; Survival factor for progressive motility at 24 h (SFP24) = % progressive 235 motility at 24 h / % progressive motility post-centrifugation x 100; Survival factor for viability at 236 24 h (SFV24) = % viability at 24 h / % viability post-centrifugation x 100. 237 The control non-centrifuged treatments were also included in the models. If there was a 250 significant treatment effect, pre-determined comparisons were made between treatments using 251 least squares means with a Tukey adjustment of Type I error to 0.05. Differences were 252 considered significant when P < 0.05. All values were expressed as mean 
Initial total sperm motility was 78.1 ± 20.4 %, progressive sperm motility was 70.7 ± 22.4 % 260 and sperm viability was 75.8 ± 14.9 %. There was a significant effect of ejaculate on all variables 261 (P < 0.05) except TY, TMY and SFV24. After centrifugation, one stallion had a decrease in 262 survival factors, one stallion had an improvement in semen quality, and five stallions had no 263 apparent change. 264
Total sperm yield was greater for non-centrifuged semen (100 ± 0 %), semen centrifuged at 265 400 x g for 10 min in a 20-mL suspension (95.6  5 %), 900 x g for 10 min in a 40-mL (91.4  266 4.5 %) or 20-mL suspension (99.2  0.8 %) and 900 x g for 5 min in a 20-mL suspension (93.8  267 8.9 %) compared with semen centrifuged at 400 x g for 10 min in a 40-mL suspension (74.5  268 7.6 %), 400 x g for 5 min in a 20-mL suspension (74.3  8.6 %) and 900 x g for 5 min in a 40-269 mL suspension (72.6  9.5 %), whereas centrifugation at 400 x g for 5 min in a 40-mL 270 suspension provided the lowest total sperm yield (47.2  7.3 %) (P < 0.0001). Total and 271 13 progressively motile sperm yields followed a similar pattern (P < 0.0001) ( Table 1) . Viable 272 sperm yield was also highest for non-centrifuged semen (100  0 %), semen centrifuged at 900 x 273 g in 20-mL suspensions for 10 min (92  18.5 %) or 5 min (87.8  13.1 %), 400 x g for 10 min in 274 a 20-mL suspension (86.9  14.2 %) and 900 x g for 10 min in a 40-mL suspension (84.4  19.3 275 %), and lowest after centrifugation at 400 x g for 5 min in a 40-mL suspension (44.5  8 %) (P < 276 0.0001) ( Table 1) . Centrifugation protocol had no significant effect on any survival factor after 277 centrifugation and cooling (Table 1) . 278 at 100 x 10 6 /mL. Neither TY nor TMY differed among centrifuged samples, however 286 centrifugation at a sperm concentration of 100 x 10 6 /mL resulted in significantly lower TY (P = 287 0.0293) and TMY (P = 0.0219) compared with non-centrifuged semen (Table 2 ). Viable yield 288
was not different among centrifuged samples, however centrifugation at all concentrations 289 resulted in significantly lower VY compared with non-centrifuged semen (P = 0.0003) ( Table 2) . 290 Progressively motile yield was not different among treatments (P = 0.0744) ( Table 2 ). None of 291 the survival factors after centrifugation and cooling differed significantly among semen samples 292 centrifuged at different concentrations, or compared with non-centrifuged semen (Table 2) . 293 294 14 3.3. Experiment 3: Effect of centrifugation medium on sperm recovery rate and survival 295 296 Initial total sperm motility was 68.7 ± 13.4 %, progressive sperm motility was 36.6 ± 13.4 % 297 and sperm viability was 69.3 ± 24.9 %. There was no significant effect of ejaculate on any of the 298 variables, except SFT24 and SFP24 (P = 0.0005). Total sperm yield was not significantly 299 different among centrifuged samples, but centrifugation in INRA96 resulted in lower TY 300 compared to non-centrifuged semen (P =0.0022) ( Table 3 ). Total and progressively motile, and 301 viable sperm yield were not significantly different among centrifuged samples. However, 302 centrifugation in VMDZ resulted in lower TMY (P = 0.0041), PMY (P = 0.0050) and VY (P = 303 0.0116) compared to non-centrifuged semen (Table 3) . None of the survival factors after 304 centrifugation and cooling differed significantly among treatments, except SFP24. Semen 305 centrifuged in VMDZ had lower progressive motility after cooling compared with its non-306 centrifuged control sample (P = 0.0344) ( Table 3) . 307 The objectives of this study were to identify factors that affected sedimentation rates and 311 survival of equine spermatozoa after centrifugation. Possible delayed effects of centrifugation on 312 sperm function were assessed after 24 h of cold storage. The motile or viable yield in the pellet 313
and not the percent motility or viability is the parameter that best reflects the effectiveness of a 314 centrifugation protocol [13] . Also, because of the large variability in initial sperm motility and 315 viability among stallions, these parameters were normalized to eliminate this source of variation. 316
The normalized variables were called survival factors [13] . 317 15 Survival factors after centrifugation were not affected by treatment in any of the experiments. 318
Furthermore, no delayed effect of centrifugation on sperm motility and viability was evident 319 after cooling for 24 h with most treatments. Only centrifugation in VMDZ resulted in a decrease 320 in progressive motility after cooling. It can therefore be assumed that, under most of the 321 conditions tested in this study, loss of motile or viable sperm was a result of a decrease in 322 sedimentation rate through the supernatant rather than cell death or damage within the pellet. 323
The rate of sedimentation (v) of a particle is given by the following formula: 324
Where, r p is the radius of the particle,  p is the density of the particle,  m is the density of the 327 medium, w is the angular velocity of the rotor, r is the radial distance of the particle from the axis 328 of rotation,  is the viscosity coefficient of the medium, f is the frictional coefficient of the 329 hydrated aspherical particle, and f o is the theoretical frictional coefficient of an unhydrated 330 sphere of the same molecular mass and density [13, 15] . Therefore, the rotational speed of the 331 rotor, radial distance of the particles from the axis of rotation (given by the column height), and 332 the density and viscosity of the medium affect sedimentation rate. While the radius, density and 333 shape of the particle also affect sedimentation rate, these effects remain constant when 334 comparing centrifugation protocols for a given cell type, such as sperm in the case of this study. 335
As the centrifugal force increases, sedimentation rate also increases. The centrifugal force (G) is 336
given by: 337 G = w 2 r 338
Hence, a particle experiences a greater force the further away it is from the axis of rotation. A 339 shorter column height in a partially filled tube increases the minimum radial distance (Fig. 1) . 340 16 Therefore, particles start to sediment at a higher gravitational field, have a reduced path length to 341 travel, and sedimentation is quicker [13] [14] [15] . 342
In this study, 28 % of motile and viable sperm were lost with the supernatant after a 343 conventional centrifugation protocol at 400 x g for 10 min and a volume of 40 mL, which is 344 similar to other reports [7, 8] . When the volume of the suspension was reduced to 20 mL, 345 resulting in a shorter column, sperm losses were significantly reduced to < 5 % after 346 centrifugation at a conventional force (400 x g) and duration (10 min). Total and viable sperm 347 yields were affected by the height of the suspension. 348
When centrifuging a conventional volume (40 mL) of semen in a 50-mL tube for a 349 conventional duration (10 min (1.011 gr/mL) semen extenders. However, it is possible that such a small difference in density 372 accounted for differences in sperm recovery. Viscosity of the media was not known and may 373 have been partly responsible for differences in sedimentation also. Centrifugation in INRA96 374 resulted in a significant loss of about 18 % of the initial sperm suspension compared with non-375 centrifuged samples. However, survival factors for total and progressive motility were ≥ 100 % 376 since removing the supernatant and re-suspending the pellet in INRA96 resulted in an 377 improvement in sperm motility in four of the five stallions in this study. The ability of this semen 378 extender to improve sperm motility compensated for the lower sedimentation rate, and resulted 379 in no significant losses of motile sperm. These results cannot be extrapolated to conventional 380 centrifugation protocols. Total sperm yield after centrifugation in INRA96 at 400 x g for 10 min 381 was 54 % [9]. Using a higher centrifugation force may be recommended to minimize sperm 382 losses when using this semen extender. 383
On the other hand, VMDZ seemed unable to protect sperm from immediate and delayed 384 deleterious effects of centrifugation. A significant loss of total (31 %) and progressively motile 385 (13 %) sperm occurred after centrifugation in VMDZ compared to non-centrifuged semen. 386 Table 1 . Sperm yields and survival factors after centrifugation of equine semen at different 508 forces (400 or 900 x g), duration (5 or 10 min) and volumes (20 or 40 mL), and after cooling for 509 24 h. TY = total yield, TMY = total motile yield, PMY = progressively motile yield, VY = viable 510 yield, SFT = survival factor for total motility, SFP = survival factor for progressive motility, 511 SFV = survival factor for viability, SFT24 = survival factor for total motility at 24 h, SFP24 = 512 survival factor for progressive motility at 24 h, SFV24 = survival factor for viability at 24 h. Table 2 . Sperm yields and survival factors after centrifugation of equine semen at 900 x g for 10 517 min in 50-mL tubes at different concentrations (25, 50 and 100 x 10 6 /mL), and after cooling for 518 24 h. TY = total yield, TMY = total motile yield, PMY = progressively motile yield, VY = viable 519 yield, SFT = survival factor for total motility, SFP = survival factor for progressive motility, 520 SFV = survival factor for viability, SFT24 = survival factor for total motility at 24 h, SFP24 = 521 24 survival factor for progressive motility at 24 h, SFV24 = survival factor for viability at 24 h. 522 a,b
Within a row, values with different superscript differ significantly (P < 0.05) (Mean ± SD). 523 524 Table 3 . Sperm yields and survival factors after centrifugation at 900 x g for 10 min in 50-mL 525 tubes in different semen extenders (EZ mixin, INRA96 and VMDZ), and after cooling for 24 h. 526 TY = total yield, TMY = total motile yield, PMY = progressively motile yield, VY = viable 527 yield, SFT = survival factor for total motility, SFP = survival factor for progressive motility, 528 SFV = survival factor for viability, SFT24 = survival factor for total motility at 24 h, SFP24 = 529 survival factor for progressive motility at 24 h, SFV24 = survival factor for viability at 24 h. radially outwards from the axis of rotation (arrowhead), and is given by the angular velocity of 535 the rotor and the radial distance of the particle from the axis of rotation. Even though the 536 maximum radial distance (distance to the bottom of the tube, r max ) is the same, the minimum 537 (distance to the meniscus, r min ) radial distance at the beginning of centrifugation is greater when 538 the tube is partially filled with 20 mL of suspension than with 40 mL. 539 
